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ABSTRACT
We investigate the relationship between the variable gamma-ray emission and jet properties in the blazar 3C 279, by combining the
Fermi/LAT data spanning a period of eight years with concurrent radio measurements made at multiple epochs with VLBA at 15
and 43 GHz within the MOJAVE and VLBA-BU monitoring programs. The aim of this paper is to compare the flux variability of the
different components found in the VLBA observations, to the variability in the gamma-rays. This analysis helps to investigate whether
any of the jet components can be associated with the gamma-ray variability. Through Spearman rank correlation we found that the
gamma-ray variability is correlated with a particular region (feature B, in the MOJAVE images) downstream from the observed base
(core) of the jet. This jet component is therefore a likely location at which an important fraction of the variable gamma-ray emission
is produced. We also calculated the average proper motion of the component with respect to the VLBA core and found that it moves
at an apparent superluminal velocity of (3.70 ± 0.35)c, implying that one of the gamma-ray emission zones is not stationary. This jet
component is also found between 6.86 mas and 8.68 mas, which translates to a distance from the radio core of at least 42 pc.
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1. Introduction
Blazars are a class of active galactic nuclei whose relativistic
jets are pointing very close to the observer’s line of sight (Urry
& Padovani 1995). At a redshift of 0.5362, 3C 279 is among the
most studied blazars, due to its high brightness, variability, and
peculiar optical spectrum (e.g. Torrealba et al. 2012). 3C 279 was
also one of the first gamma-ray emitting quasars discovered with
the Compton Gamma-Ray Observatory (Hartman et al. 1992). It
has been known for decades, that this source is highly variable
from radio frequencies (Pauliny-Toth & Kellermann 1966), to
gamma-rays (Hartman et al. 1992). For this reason, several inten-
sive multiwavelength campaigns and theoretical studies have led
to important revelations about the physical properties of 3C 279
(e.g. Gurwell et al. 2007; Chatterjee et al. 2008; Marscher et al.
2008; Lister et al. 2009, 2013; Smith et al. 2009; Abdo et al.
2010; Richards et al. 2011; Bonning et al. 2012; Nolan et al.
2012; Böttcher et al. 2013; Patiño-Álvarez et al. 2013, 2018;
Acero et al. 2015; Jorstad et al. 2017, and references therein).
3C 279 is a highly variable radio source, however, at radio
wavelengths, the variability of this source appears to be more
moderate than the corresponding variability in the gamma-ray
and optical bands during the time period between 2008 and 2010
(Hayashida et al. 2012). The excess variance (Fvar, Vaughan
et al. 2003) in the radio regime is quite modest: 0.145 at 37 GHz,
0.165 at 15 GHZ, and 0.104 at 5 GHz, in contrast to the gamma-
rays Fvar = 0.695. Hayashida et al. (2015) and Patiño-Álvarez
et al. (2018) reported fast gamma-ray variability in 3C 279 dur-
ing 2013-2014. Several other observational and theoretical stud-
ies have been carried out in order to determine both the nature
? E-mail:victorp@inaoep.mx
and the stratification of the emission at different bands in 3C 279
(i.e. emission mechanisms and origin of the radiation) (e.g. Lind-
fors et al. 2006; Larionov et al. 2008; Collmar et al. 2010; Alek-
sic´ et al. 2011; Janiak et al. 2012; Hayashida et al. 2012, 2015;
Rani et al. 2018). These studies point to the possible presence of
multiple emission regions, however, despite these studies, a gen-
eral consensus about the location of the gamma-ray production
zone in 3C 279 does not yet exist.
Previous studies have attempted to link the variability in
the optical and gamma-ray continuum emission to kinematic
changes in VLBI (Very Long Baseline Interferometry) radio
images, in several individual objects, including 3C 390.3 (Ar-
shakian et al. 2010), 3C 120 (León-Tavares et al. 2010), and
3C 345 (Schinzel et al. 2012). These papers showed that the pas-
sage of a moving jet component through a stationary shock can
trigger flares in emission bands other than the radio.
Thanks to extensive multi-epoch surveys like the 15 GHz
MOJAVE (Monitoring Of Jets in Active galactic nuclei with
VLBA1 Experiments, see Lister et al. 2009, 2013) program; and
the 43 GHz Boston University VLBA-Blazar monitoring pro-
gram (VLBA-BU, see Jorstad et al. 2017) the community has at
its disposal a very rich database of VLBA images and reliable
measurements of jet proper motions for a number of sources,
which allow researching intricate structural changes in parsec-
scale jets, e.g. transverse motions, jet acceleration, and other
morphological changes.
High angular resolution VLBA observations at 15 and 43
GHz, have shown that 3C 279 is a core-dominated blazar, with a
complex multi-component jet structure (see Figures 1 and 2, and
1 Very Long Baseline Array of the National Radio Astronomy Obser-
vatory, Socorro NM, USA
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also Lister et al. 2009; Jorstad et al. 2017). In order to investigate
whether the distinct emitting regions (jet components) observed
in the VLBA maps are related to the gamma-ray emission pro-
duction, we study the flux variability of these components and
compare it to the variability observed in the gamma-rays.
2. Observations
We used gamma-ray data from the Fermi Large Area Telescope
(Fermi-LAT, Abdo et al. 2009), the VLBA data from the MO-
JAVE program (Lister et al. 2009), data from the VLBA-BU
program (Jorstad et al. 2017), as well as data from the OVRO
monitoring program (Richards et al. 2011). These databases are
publicly available. Hereafter, all the dates we present are in the
format JD245 = JD − 2′450′000.
2.1. Gamma-Rays
The gamma-ray light curve in the energy range from 0.1 to 300
GeV was built by using data from the Fermi-LAT. The Fermi-
LAT data were reduced and analyzed with the Fermitools ver-
sion 1.0.2. The region of interest was selected to be 15◦ radius,
centered at the position of 3C 279. The minimization was done
through a maximum likelihood algorithm, and the source spec-
trum was modeled as a log-parabola, since it fits the spectrum of
3C 279 better than a power-law model, and is also the spectrum
type listed in the 4FGL catalogue (The Fermi-LAT collaboration
2019). We included all sources within 15◦ of 3C 279, extracted
from the 4FGL catalogue (The Fermi-LAT collaboration 2019),
with their normalization kept free, while sources within 5◦ had
both, their normalizations and spectral indices kept free. We ap-
plied the currently recommended set of the instrument response
functions along with the latest diffuse and isotropic background
model files. For demonstrations purposes only, the light curve in
Figure 3 was built with a time bin of 7 days, in order to increase
the S/N ratio and kept only the fluxes from time bins with a TS >
25 (detection at 5σ or higher). Upper limits were not calculated
for the bins with TS < 25, because they are not suitable for cor-
relation analysis. The light curve comprises the time-range since
the launch of Fermi in June 2008 up to February 2017. This light
curve is shown in Figure 3 panel (a).
2.2. VLBA 15 GHz Observations
The MOJAVE VLBA observations were carried out in 24 hour-
long segments at monthly intervals, and in each segment, a small
subset of the total AGN sample is observed (Lister et al. 2009,
2016). The subsets were chosen on the basis of the individual
rates of angular jet motion, with several very fast (> 2 mas/year)
jets being observed once per month, while the slowest jets are
observed only once every few months, as is the case for 3C 279.
This resulted in a total of 21 observations of 3C 279 in the time
period of the gamma-ray light curve, as described in Section 2.1.
The natural weighted and non-tapered FITS images were ob-
tained from the MOJAVE website2.
The maps used in this work show that there are two main
emission features (see Figure 1); we designate the brightest as
feature A, and the secondary as feature B. Since feature A is
where the radio core is expected to be, we model this feature by
fitting 2-D Gaussian components using the CASA software (Mc-
Mullin et al. 2007), in order to single out the flux of the radio core
2 http://www.physics.purdue.edu/astro/MOJAVE/index.
html
at 15 GHz. Modeling of feature B was more difficult due to its
considerably lower brightness. We were also unable to find con-
sistency in our feature B Gaussian model fits between epochs.
Therefore, we carried out our analysis using an integrated value
of the flux from feature B. The light curves for the core and the
feature B components of the MOJAVE maps are shown in Fig-
ure 3 panels (d) and (e), respectively. For comparison, we also
show in Figure 3 panel (f), the light curve of the total flux density
at 15 GHz from the Owens Valley Radio Observatory (OVRO)
blazar monitoring program (Richards et al. 2011).
2.3. VLBA 43 GHz Observations
The ongoing VLBA-BU program comprises monthly VLBA ob-
servations at 43 GHz. The observations, commenced in June
2007, typically span 24 hours during which roughly 33 AGN are
observed, with about 45 minutes spent on each target. There are
84 observations of 3C 279 within the time-range of the gamma-
ray light curve. The details on this program, the observations,
and data reduction, are described in Jorstad et al. (2017). The
FITS images were obtained from the VLBA-BU program web-
site3. These were also analyzed using the CASA software.
As is illustrated in Figure 2, the total emission in the 43 GHz
maps does not come from a single component. In order to char-
acterize the 43 GHz jet structure we used the CASA task IMFIT
to model the radio emission using 2-D Gaussians. We were able
to single-out the flux of the core in each map, thus creating a
light curve of the core flux, which is shown along with the total
flux in Figure 3 panel (b).
Up to mid-2012, the flux density of the core clearly domi-
nated the total emission in the 43 GHz maps (see Figure 3). An
ejection of a new jet component is clearly visible in 2013 (see
Figure 2, and Jorstad et al. 2017). During the initial stages this
component became brighter than the core, and dominated the
total flux density. This component can be tracked over 17 con-
secutive observations while gradually becoming fainter until it is
no longer observable. This ejection is labeled as C31 in Jorstad
et al. (2017), and hereafter we refer to this ejection as such. The
light curve for the flux density of C31 is shown in Figure 3 panel
(c). Because of the limited resolution of the 43 GHz VLBA maps
(with a beam size of a few parsecs), it is not possible to assess
with these observations, if the ejection of C31 actually occurred
during mid-2012, or if the core flux measured before was actu-
ally a combination of both, the core and the new jet component.
2.4. OVRO 15 GHz Observations
We obtained fully reduced data from the OVRO blazar monitor-
ing program4. Full details of the data reduction and instrument
can be found in Richards et al. (2011). The light curve can be
seen in panel (f) of Figure 3.
3. Correlation Analysis
In order to understand if any of the features observed in the MO-
JAVE and BU maps can be directly related to the production
of gamma-ray emission, we perform Spearman correlation tests
between the simultaneous flux densities of each component with
the gamma-ray fluxes. In order to do this, we calculated gamma-
ray light fluxes in bins centered at the observation times of the
3 https://www.bu.edu/blazars/VLBAproject.html
4 http://www.astro.caltech.edu/ovroblazars/data/data.
php
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Fig. 1: Left panel: 15 GHz VLBA intensity map from the MOJAVE observation of July 16, 2016. Middle panel: Model of Feature
A using 2D-Gaussian components. Right Panel: Residual image, where Feature B is visible in the bottom right corner of the map.
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Fig. 2: Left Panel: 43 GHz VLBA intensity map of 3C 279 from the BU observation of August 26, 2013. Middle Panel: Model of
the observed emission using 2-D Gaussian components. Right Panel: Residual image.
BU and MOJAVE data. We tested incremental bin sizes, start-
ing with the small variability time-scales reported in Ackermann
et al. (2016) and Pittori et al. (2018); always maintaining the cen-
ter as the observation date of the VLBA observations, until the
TS for each respective bin was higher than 25.
The relations between the 15 GHz flux densities of the core
and feature B of the MOJAVE maps and the calculated simulta-
neous gamma-ray fluxes are shown in the top panels of Figure 4.
The respective relations between the fluxes of the core and the
component C31 in the BU maps, with the simultaneous gamma-
ray fluxes are shown in the bottom panels of Figure 4. The results
of the Spearman correlation tests are summarized in Table 1.
We consider a given correlation to be significant if the prob-
ability (p-value) of obtaining a specific correlation coefficient by
chance is lower than 5% (p < 0.05). Under this criterion, only
the feature B in the MOJAVE maps yields significant correla-
tions (see Table 1). We find a strong and significant correlation
between the gamma-ray emission and feature B of the MOJAVE
maps, with a correlation coefficient of 0.57. This result can be in-
terpreted as indicating that about 33% of the variability observed
in the gamma-rays is driven by the variability in the flux density
of feature B. In order to discard the possibility that the signif-
icant correlations obtained are driven by individual data-points
we performed a jacknife n-1 analysis, i.e., repeat the correlation
as many times as data-points available, but discarding a differ-
ent data-point each time. Our results show that, in all cases, the
correlation holds significance at a p-value lower than 3%, with
correlation coefficients between 0.51 and 0.65, implying strong
correlations in all cases. This allows us to confirm that the vari-
ability in the gamma-rays is related to feature B of the MOJAVE
maps. Based of this result, and the fact that the dominant gamma-
ray emission process in this source is found to be Inverse Comp-
ton Scattering (Patiño-Álvarez et al. 2018) we conclude that a
gamma-ray emission site is most likely contained within Feature
B, which is located downstream of the radio core.
4. Spectral Index Change in the Radio Emission
and the Multiwavelength Perspective
The substantial flaring activity observed in 3C 279 during 2012
can be explained by an increase in the Lorentz factor of the jet,
which at the same time can cause an increase in the gamma-ray
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Fig. 3: Multiwavelength light curves of 3C 279. The band of observation and the origin of the data is labeled inside each panel.
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Fig. 4: Top left panel: Gamma-ray flux vs. radio flux for the core in the MOJAVE maps. Top right panel: Gamma-ray flux vs. radio
flux for component B in the MOJAVE maps. Bottom left panel: Gamma-ray flux vs. radio flux for the core in the BU-VLBA maps.
Bottom right panel: Gamma-ray flux vs. radio flux for C31 in the BU-VLBA maps.
Table 1: Spearman correlation coefficients obtained between the
fluxes of the features in the VLBA maps and the simultaneous
gamma-ray fluxes
.
VLBA Feature R R2 p-value
MOJAVE Core -0.308 0.095 0.143
MOJAVE Feature B 0.573 0.328 0.008
BU Core -0.128 0.016 0.231
BU Ejection -0.400 0.160 0.112
opacity via electron-positron pair production (Patiño-Álvarez
et al. 2017; Patiño-Álvarez et al. 2018). This matches well with
the low emission levels observed in the gamma-ray light curve
between 2012 and 2013 (see Figure 3 panel a).
In order to test if our hypothesis is true, we combined the
total VLBI flux densities at 43 GHz and the 15 GHz OVRO flux
densities to estimate the spectral index. Since the 15 GHz light
curve is very well sampled, it was interpolated to the epochs of
the 43 GHz observations. The resulting 15-43 GHz spectral in-
dices, defined as S ν ∝ να, are shown in Figure 3 panel (g).
As can be seen in the panels (b) and (f) of Figure 3, the vari-
ability of the total VLBI flux density at 43 GHz and the 15 GHz
emission (OVRO), match each other very well up to the end of
2012. Afterwards, there is a clear decrease in the 43 GHz jet
emission (Figure 3 - panel b), while the 15 GHz emission contin-
ues to remain active and increases starting around JD245 = 6600.
This causes a decrease in the spectral index around the same
epoch.
This change in the spectral index can be a result of a shift
in the energy distribution of the electron population to lower en-
ergies, which is an expected consequence of the scenario men-
tioned above. We point out that the spectral index started a de-
creasing trend approximately at the same time than the onset of
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decreasing 43 GHz emission (∼ JD245 = 6100 − 6200), which
supports this scenario.
5. Relative Motion between MOJAVE Radio
Components
Since the jet feature B is likely to be a gamma-ray emission re-
gion, exploring its kinematics can yield further insights on its
nature. We cannot find a prior analysis of its kinematics in the
literature. Therefore, we use the VLBA observations from MO-
JAVE for estimating the proper motion of the feature B. It has
been demonstrated that this kind of relative positional measure-
ments provide very accurate results (e.g., Rodríguez et al. 2017).
To obtain the relative proper motion of the feature B, first, we
determine the position of the brightest spot in Feature B using
the task IMFIT in CASA. We then subtracted the position of the
core from that of Feature B at each epoch. Finally, we perform
linear fits to the resulting core offset of the feature B in R.A. and
in Dec. in order to estimate the change in position of Feature B
as a function of time. The measured offsets and the line fits are
shown in Figure 5.
The measured proper motion for Feature B in R.A. is:
−130.2±12.7 µas/year, and in Dec. −130.8±12.7 µas/year. By
applying a cosmology with H0 = 73.0 km/s/Mpc, Ωm = 0.27,
and ΩΛ = 0.73, these proper motions corresponds to a total ap-
parent velocity of (3.70 ± 0.35)c. This result implies that the
gamma-ray emission site(s) contained within Feature B are mov-
ing relativistically, which is an important detail when trying to
model the gamma-ray emission.
6. Conclusions
We have combined Fermi-LAT measurements of the gamma-ray
flux in 3C 279 with VLBI images of parsec-scale structure of
the jet and used this combination to identify the likely region
responsible for the variable gamma-ray emission in this blazar.
We analyzed the VLBA data from the MOJAVE survey and the
Boston University (BU) monitoring program. We identified two
prominent emission features in the MOJAVE maps. Feature A
was modeled and decomposed in order to isolate the core flux.
We also modeled the 43 GHz BU maps in order to obtain the
core flux, as well as any distinct emitting regions inside the jet
downstream from the core. We identified a component ejected
around 2012 (labelled C31 in the analysis of Jorstad et al. 2017)
and tracked its evolution over 17 consecutive epochs.
We compare the flux variability of feature B and the core of
the MOJAVE maps, as well as the core and component C31 of
the BU maps, to that of the gamma-ray emission via a Spearman
rank correlation test. Our results imply that the feature B is likely
related to the variability in the gamma-ray emission. Based on
this we suggest that an emission zone responsible for part of
the gamma-ray variability is contained within feature B of the
MOJAVE maps. This is the first time that a long-lasting gamma-
ray emission region has been clearly identified in a pc-scale map
of a blazar.
Also important, is that the radio component that we propose
may contain a gamma-ray emission zone, is well beyond the cen-
tral parsec. The measured distances to the MOJAVE feature B
go between 6.86 mas and 8.68 mas, which translates roughly to
distances between 42 and 54 pc, depending on the cosmology
applied.
We find evidence of a change in the spectral index of the ra-
dio emission, after a period of low gamma-ray emission. This
change of spectral index is expected in the scenario of a shift in
the energy distribution of the electron population, to lower en-
ergies, due to an increase in the cooling via synchrotron emis-
sion. This further supports the hypothesis by Patiño-Álvarez
et al. (2017), and Patiño-Álvarez et al. (2018), that an increase
in the Lorentz factor of the jet, causes an increase in the syn-
chrotron emission, while at the same time increasing the gamma-
ray opacity due to electron-positron pair production. This sce-
nario also explains the timing of the spectral index change in the
radio emission.
The change in the spectral index at radio wavelengths can
also be explained by a change in the opacity at radio wave-
lengths. Since the spectral index moves to negative values after
this change, this would mean a decrease in opacity at the lower
frequencies. While, in contrast, an opacity increase, would result
in a flattening of the spectral index (Kellermann & Owen 1988).
We also analyzed the kinematics of the feature B and found
that it has a superluminal proper motion of (3.70±0.35)c, which
implies that a gamma-ray emission zone within 3C 279 is chang-
ing its location with time.
The suggested identification of the gamma-ray emission
zone with a region inside the jet in 3C 279 will foster a better
understanding of the emission stratification at pc scales. These
kind of studies will also help improve future modeling attempts
for time-resolved SED analysis, since the changes on the model
parameters should also be constrained with the information ob-
tained from the broadband light curves and changes observed at
pc-scale.
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